Background: RAD21 is a double-strand-break repair protein and component of the
| INTRODUC TI ON
RAD21 is a transcription factor and a key central component of the multiprotein cohesin complex, 1 which functions to protect chromosome separation during the metaphase-anaphase transition of mitosis. 2 RAD21 is ubiquitously expressed 3 and its critical role was indicated by the lethal early embryonic phenotype in RAD21 knockout mice. 4 Studying a familial cluster of chronic intestinal pseudo-obstruction (CIPO), we have recently demonstrated a novel loss-of-function mutation in RAD21 which was associated with enteric neuropathy and severe gut dysmotility, in affected family members. The CIPO-causing RAD21 mutation was found to alter the expression of related genes, including RUNX1
and APOB. Indeed, APOB48, the gut-specific isoform of APOB, was overexpressed in sera of patients with CIPO carrying the RAD21 mutation. input to smooth muscle cells), and neurons (both extrinsic and enteric nervous system). 6 Specifically, the RAD21 loss-of-function mutation was associated with a markedly reduced number of enteric neurons, thus implying a neurogenic origin of the gut dysmotility reported in the affected family. 5, 8 The clinical evidence that the small bowel is most affected in CIPO, provided the background to our set of experiments focusing on RAD21 expression in the small bowel. The distribution of RAD21 in the enteric nervous system, the intrinsic neural network controlling gastrointestinal (GI) physiology and homeostasis, 9,10 is unknown. The enteric nervous system contains different functionally distinct neuronal subclasses, eg, motor neurons-either excitatory or inhibitory, interneurons, and intrinsic primary afferent neurons, which can be identified according to their neurochemical coding. 10 Inhibitory motor neurons are immunohistochemically identified by the presence of the neuronal isoform of the enzyme nitric oxide synthase (nNOS) leading to nitric oxide synthesis, whereas most excitatory motor neurons are immunohistochemically identified by choline acetyltransferase (ChAT) (the acetylcholine synthesizing enzyme) or via detection of peptides of the tachykinin family (eg, substance P or neurokinin A). In addition to these two major subclasses of enteric neurons, a variety of secondary neurotransmitters or modulators, eg, neuropeptide Y (NPY), can be cosynthesized, stored and released by other enteric neuronal subsets, depending on their localization throughout the GI tract and the mammalian species considered. 11 The present study was designed to investigate whether RAD21 expressed in a subset of myenteric neurons in human and mouse small intestine. Furthermore, in order to establish whether RAD21 is influenced by age-dependent mechanisms, we compared the RAD21 expression in myenteric neurons of the small intestine from adult vs young mice. Our findings clearly demonstrated enrichment of RAD21-IR in the cell bodies and nerve fibers of a subset of myenteric cholinergic, but not nitrergic, neurons in tissues and in primary culture using two different primary antibodies. Silencing (shRNA) of RAD21 expression confirmed specificity of RAD21-IR This work was previously presented in abstract form.
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| MATERIAL S AND ME THODS
All authors have access to the study data and have reviewed and approved the final manuscript.
| Immunohistochemistry
Single and double labeling immunofluorescence for RAD21 was done using two specific, commercially available rabbit and goat polyclonal antibodies (Abcam, Cambridge MA and Santa Cruz, Dallas TX, respectively see Table 1 for details) directed to RAD21 protein according to previously validated protocols. 13 Normal human small bowel (jejunum) was obtained from n = 3 (2F 
Key Points
• This study focused on the characterization of RAD21-IR in enteric neurons of mice and human small intestine.
• The study showed that RAD21-IR is localized outside the nucleus in a subset of ChAT-IR neurons, but not in nNOS-IR neurons in human and mouse jejunum.
• These findings, combined with the knowledge that RAD21 mutations occur in distinct CIPO cases, imply that the cholinergic subset may be the primary target in some patients with this pathological condition.
fluorescein-and rhodamine-conjugated anti-rabbit secondary antibodies and secondary antibodies to the previously mentioned markers (Jackson ImmunoResearch West Grove PA, See Table 1 Table 1 ). Nuclei were counterstained with DAPI (Molecular Probes, Eugene, OR, USA).
| Primary cultures from mouse jejunum
| shRNA lentiviral particles transduction in primary cell cultures
Primary cultures from 3-day-old mice were exposed to shRNA lentiviral particles to knock down expression of RAD21 as follows: 50% of the culture medium was replaced with conditioned media and each experimental condition was run in duplicate. Cells were trans- 
| Confocal microscopy
Images of immunolabeling were collected using an Olympus FV1000 
| Statistics
Data are expressed as means ± SEM. Statistical significance was determined by GraphPad Prism using Student's t test. P values of less than 0.05 were taken as statistically significant. The 'N' value identifies the animal count. To further characterize this labeling pattern, we used mouse small intestine.
| Extranuclear RAD21 immunoreactivity in mouse myenteric neurons from the small intestine
The extranuclear labeling pattern of RAD21-IR was confirmed using 
| Chemical coding of RAD21-IR neurons
Colabeling with several antibodies were used to clarify the neurotransmitters expressed in RAD21-positive neurons (Table 1) .
RAD21-IR did not colocalize with nNOS ( Figure 4A-C arrows) . We also detected RAD21-IR cells that were positive for the neuronal peptide NPY in whole mount preparations ( Figure 4D-F 
| RAD21-IR was not detected in the cytoplasm of central cholinergic neurons
To determine whether the cytoplasmic RAD21 immunolabeling pattern was specific to cholinergic myenteric neurons or a feature of cholinergic neurons in general, we investigated the distribution of RAD21-IR in the basal forebrain of a mouse, where central cholinergic neurons are located. 15 
in brain sections doubly labeled
for ChAT and RAD21, approximately 50% of all cholinergic neurons in this region of the brain showed RAD21-immunolabeling, which was restricted to the nuclear region ( Figure 5M-O) . Thus, the RAD21
cytoplasmic labeling pattern appears to be a feature of cholinergic myenteric, rather than central, neurons. 
| RAD21 expression in primary cultures from neonatal mouse jejunum
| D ISCUSS I ON
In However, the actual effect of the RAD21 p.Ala622Thr mutation is still to be clarified in an appropriate mouse model. It is worth noting that rad21 homozygous null mice are embryonic lethal. 22 In vivo studies in the rad21 morpholino zebrafish model showed a delayed intestinal transit along with a significant reduction of enteric neurons, a finding indicative of an oligoneuronal hypoganglionosis reminiscent of the neuropathic CIPO phenotype. 5 Our data indicate that RAD21
is not expressed by nitrergic inhibitory neurons, a functionally distinct subclass commonly targeted by damaging mechanisms taking place in F I G U R E 6 RAD21-IR in primary cultures from small intestine of BALB/C mice. RAD21-IR in primary cultures from mice small intestine showed a similar distribution to that found in tissues. RAD21-IR was observed in cell bodies and nerve fibers of a subset of enteric neurons identified by PGP9.5-IR (A-D arrowhead). RAD21-IR also colocalized with ChAT in some neurons (E-H arrowhead), although none of the nNOS-IR neurons displayed RAD21 immunolabeling (I-L arrows). Scale bar = 50 μm. Photomicrographs in D, H, and L (merge) illustrate higher magnification insets of the indicated region. Scale bar = 20 μm
experimental (nNOS −/− mice) and human enteric neuropathies, and detectable in early stages of achalasia or idiopathic gastroparesis.
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Finally, in order to understand whether RAD21 distribution in myenteric neurons was altered during development, we investigated the distribution and relative abundance of RAD21-IR neurons in neonatal mice. RAD21-IR neurons were quantitatively comparable in neonatal and young adult tissues, a finding implying that RAD21-IR was not altered by weaning in mice. However, we did not investigate aged mice and future research will establish whether aging affects cytoplasmic RAD21 expression and eventually enteric neuron function.
In conclusion, our data showed that RAD21 is expressed in a distinct subset of myenteric, ie, cholinergic, neurons supplying the human and mouse small intestine. These findings, combined with the knowledge that RAD21 mutations occur in distinct CIPO cases,
imply that the cholinergic subset may be the primary target in some patients with this pathological condition. 
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